The sex differentiation mechanisms in zebrafish (Danio rerio) remains elusive, partly because of the absence of sex chromosomes but also because the process appears to depend on the synchrony of multiple genes and possibly environmental factors. Zebrafish gonadal development is initiated through the development of immature oocytes. Depending on multiple signaling cues, in about half of the individuals, the juvenile ovaries degenerate or undergo apoptosis to initiate testes development while the other half maintains the oogenic pathway. We have previously shown that activation of NFjB and prostaglandin synthase 2 (ptgs2) results in female-biased sex ratios. Prostaglandin synthase and prostaglandins are involved in multiple physiological functions, including cell survival and apoptosis. In the present study, we show that inhibition of ptgs2 by meloxicam results in male-biased sex ratios. On further evaluation, we observed that exposure with the prostaglandin D 2 (PGD 2 ) analogue BW-245C induced SRY-box containing gene 9a (sox9a) and resulted in male-biased sex ratios. On the other hand, prostaglandin E 2 (PGE 2 ) treatment resulted in femalebiased sex ratios and involved activation of NFjB and the bcatenin pathway as well as inhibition of sox9. Exposure to the bcatenin inhibitor PNU-74654 resulted in up-regulation of ptgds and male-biased sex ratios, further confirming the involvement of b-catenin in the female differentiation pathway. In this study, we show that PGD 2 and PGE 2 can program the gonads to either the testis or the ovary differentiation pathways, indicating that prostaglandins are involved in the regulation of zebrafish gonadal differentiation.
INTRODUCTION
The primordial gonads are bipotential, and their fate is determined by sex chromosomes in mammals [1] . The sexdetermining region Y (Sry) gene present on the Y chromosome acts as a master regulator gene that initiates testis development by activating the transcription factor SRY-box containing gene 9 (SOX9) [2] . In zebrafish (Danio rerio), the presence of sex chromosomes has not been reported [3, 4] , but downstream genes, as reported in mammals, including sox9, doublesex and mab-3 related transcription factor 1 (dmrt1), forkhead box protein L2 (foxl2), anti-Müllerian hormone (amh), cytochrome P450, family 19, subfamily A, polypeptide 1a (cyp19a1a), and ctnnb1 (b-catenin), have been linked to zebrafish sex differentiation [5] [6] [7] [8] [9] . Although the signaling pathways appear to be similar, the molecular mechanism of zebrafish sex differentiation has been elusive [10, 11] , partly because of the failure to identify a master regulator gene like Sry in mammals. In addition, environmental cues, such as hypoxia, temperature, and variation in temperature cycles, have been shown to alter zebrafish sex ratios [12] [13] [14] .
The juvenile zebrafish start gonad development with oogenesis, and at 15 days postfertilization (dpf), they show a well-defined juvenile ovarian structure, that either develops further to differentiate into proper ovaries or transforms into testes [15, 16] . In about half of the individuals, the juvenile ovaries progress to develop into mature ovaries, but in the other half they degenerate or undergo apoptosis to transform into testes [17, 18] . Up-regulation of NFjB and prostaglandin synthase 2 (ptgs2) has been shown to block apoptosis leading to female biased populations in zebrafish [18] . NFjB is linked to cyclooxygenase/prostaglandin synthases (COX/PTGS) that are mediators of inflammation [12, 19] . COXs are involved in the conversion of arachidonic acid to prostaglandin H 2 (PGH 2 ), which is a common substrate for other prostanoids/prostaglandins (PGD 2 , PGE 2 , PGF 2 a, PGI 2 , and TXA 2 ), and their synthesis is catalyzed by their respective prostaglandin synthases. Prostaglandins are involved in various physiological activities, including inflammation, fertility, platelet function, and cell proliferation [20, 21] .
NFjB activation increases COX-2 (PTGS2) transcript levels [12] , and, simultaneously, through a feedback loop, prostaglandins, such as PGE 2 , up-regulate NFjB activity [19] . COX-2, the inducible form, is up-regulated during inflammatory conditions, possibly because of the presence of NFjB, NF-IL6, and Sp1 response elements in the COX-2 promoter region [22, 23] . Cox2 is involved in zebrafish embryogenesis [24] and has many physiological and pathological roles [21, 25] . COX-2-deficient female mice show reproductive failures in ovulation, fertilization, implantation, and decidualization [26] . COX-2 has also been implicated in the sex determination processes in mammals [27] [28] [29] [30] [31] [32] .
The enzyme prostaglandin D synthase (PTGDS) is involved in the catalysis of PGD 2 synthesis. Differential expression of Ptgds has been reported in mouse embryonic gonads with high expression in Sertoli cells and prospermatogonia [27] . PTGDS induces AMH expression in the embryonic gonads of female mouse [27] and also activates SOX9 in human NT2/D1 cells [31] . PGD 2 up-regulates Sox9 expression, and at the same time, SOX9 can bind to the Ptgds promoter to enhance its expression [30] . This clearly links PTGDS to the testis differentiation pathway.
PGE 2 is the major prostanoid produced by prostaglandin E synthase (PTGES) following COX-2 activation and acts through EP/PTGER receptors (EP1-4/PTGER1-4). PTGER2 and PTGER4 receptors regulate cell proliferation through activation of the b-catenin pathway [25] ; b-catenin is involved in the female differentiation pathway in mammals [33] [34] [35] as well as in zebrafish [8] . PGE 2 also up-regulates both NFjB [19] and b-catenin [36] activity. Ptges is differentially expressed in mouse gonads with high expression in the ovary [37] . It is up-regulated during ovulation in mice [38] and is linked with ovarian development and maturation [29, 39] . In a study on zebrafish, cox-2 expression was up-regulated during ovulation, while no significant change in ptges was observed [40] . In rats, PGE 2 induced aromatase expression [41] , which is required for estrogen synthesis. Thus, while PTGDS appears to be involved in testis development, a multitude of data links PTGES to ovarian functions.
In this study, we analyzed the involvement of prostaglandin synthase and prostaglandins in zebrafish sex differentiation. PGD 2 was found to be involved in testis development, possibly by inducing Sox9a expression, whereas PGE 2 was observed to influence Wnt/b-catenin signaling, and PGE 2 , along with Ptges, appears to be important for maintenance of ovarian differentiation.
MATERIALS AND METHODS

Zebrafish Maintenance and Exposure
In this study, the vas::EGFP transgene zebrafish that expresses the GFP signal under the control of vasa promoter [42] and wild-type zebrafish were used. Zebrafish maintenance and exposures were performed as described earlier [18] . The juveniles were exposed to meloxicam (Sigma), BW-245C (Sigma), PGE 2 (Sigma), and PNU-74654 (Tocris Biosciences). All compounds were dissolved in water and added to the exposure beakers in 100-ml final volumes. Fifty percent of the water was changed on alternate days, and the compounds were replenished to maintain the final assay concentrations. The water quality was monitored over the course of the study. The temperature was maintained at 25 6 0.28C. Water pH averaged 7.1 6 0.2, and salinity averaged 0.08 6 0.01%. The nitrite level averaged 0.04 6 0.05 mg/L, and the nitrate level was below the detection limit. Survival of juvenile zebrafish averaged 87 6 5%. Zebrafish juveniles were sacrificed by snap freezing in liquid nitrogen and stored in À808C until further use. For sex ratio determination, the fish were transferred back to the circulating system at the end of exposure, and the sex ratios were determined following dissection and observation of the gonads under a fluorescent microscope at 70 dpf. The use of experimental animals was approved by the Swedish Ethical Committee in Linköping (Permit 32-10).
Cell-Based Experiments
ZFL cells (ATCC) are established from adult zebrafish livers and exhibit characteristics of liver parenchymal cells. ZFL cells were maintained at 288C and 3% CO 2 in a humidified incubator in a complex media containing 50% L15 (Gibco), 35% DMEM-high glucose (PAA Laboratories), and 15% Ham F-12 (Gibco) supplemented with 5% fetal bovine serum (Hyclone), 15 mM Hepes buffer (Invitrogen), and 0.15 g/L sodium bicarbonate (Biochrom AG). For RNA extraction, cells were plated (2 3 10 5 cells/well) in 12-well plates (BD Falcon), and for TUNEL assays, cells were plated (8 3 10 4 cells/well) in 24-well plates (BD Falcon). The cells were incubated for 16-18 h prior to exposure. The cells were exposed to meloxicam (1 and 5 lM) for 48 h at 288C and 3% CO 2 .
TUNEL Assay
The ZFL cells and the juvenile zebrafish (15 dpf) were exposed to meloxicam (1 and 5 lM) for 48 and 72 h, respectively. TUNEL assay was performed using the in situ cell detection kit (Roche) following the manufacturer's instruction. The cells as well as the zebrafish were observed under a Fluoview 1000 scanning confocal laser microscope (Olympus). Due to interference of GFP signal from transgenic fish, the wild-type zebrafish were used to study meloxicam-mediated apoptosis. The transgenic fish that express GFP in the gonads [42] were used to extrapolate the position of gonads in the wild-type juvenile zebrafish.
Ex Vivo
Adult zebrafish were euthanized and surface sterilized with 70% ethanol. The testes and ovaries were isolated and transferred to 24-well plates (BD Falcon) and maintained at 288C and 3% CO 2 in a humidified incubator in ZFL cell media containing antibiotic-antimycotic solution (Gibco). The explants from the same individual were cultured in parallel, with one testis or ovary serving as a control and the other used for treatment. The testes were exposed to BW-245C (5 nM), and ovaries were exposed to PGE 2 (10 
RNA Extraction and Quantitative RT-PCR
RNA extraction from cells was performed using NucleoSpin RNA II (Macherey-Nagel). Juvenile zebrafish and isolated gonads were homogenized in 400 ll Trizol Reagent (Sigma), and RNA isolation and quantitative RT-PCR (qRT-PCR) analysis were performed as described [18] . Primers were designed for listed genes (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org).
RT-PCR
Different organs were isolated from 90-dpf zebrafish followed by RNA extraction; 500 ng of RNA were used to prepare cDNA. PCR was performed with 125 lM dNTP mix (Thermo Scientific), Taq DNA polymerase (Thermo Scientific), 150 nM of primers (Supplemental Table S1 ), and 1 ll of cDNA in a 20-ll reaction volume. The PCR conditions were as follows: initial denaturation at 958C for 3 min, 35 cycles of 958C for 10 sec, annealing temperature at 608C for 30 sec, and extension at 728C for 1 min. Final extension was performed at 728C for 5 min. The PCR reaction was performed in an icycler (Bio-Rad).
Western Blotting
Protein extraction, quantification, SDS-PAGE, and transfer were performed as previously described [18] . The membrane was incubated for 2 h in Trisbuffered saline containing 5% nonfat dried milk and probed with anti-b-catenin antibody (Abcam) at a 1:1000 dilution overnight. Other primary antibodiesSox9a, p-Sox9a, and Cyp19a1a (Anaspec)-were used at 1:500 dilutions, and the Western blot conditions were described earlier [18] . The HRP-conjugated anti-rabbit IgG (Amersham Biosciences) was used at a 1:3000 dilution for 1 h, and the immunoreactive complex was detected by chemiluminescent substrate (Amersham Biosciences). The membrane was then stripped and probed for bactin using mouse anti-b-actin antibody (Sigma) at a 1:5000 dilution. The HRPconjugated anti-mouse IgG (Amersham Biosciences) was used at a 1:3000 dilution for 1 h.
ELISA
Proteins were isolated from the gonads in RIPA buffer containing 10 lg/ml indomethacin (Sigma), and the concentration was measured using Bradford reagent. The protein levels were confirmed by running Western blot for b-actin. PGE 2 levels were measured by using Prostaglandin E 2 kit (R&D Systems), and PGD 2 levels were determined using PGD 2 ELISA kit (Cayman Chemical).
In Situ Hybridization
The cDNA was synthesized from zebrafish larvae followed by PCR for ptgds, ptges, sox9a, and ctnnb1 using the primers (Supplemental Table S1 ) and gel purified using the NucleoSpin gel and PCR cleanup kit (Macherey-Nagel). The DIG-labeled riboprobes for ptgds, ptges, sox9a, and ctnnb1 were synthesized using the respective PCR product as a template and the primers with added T3 and T7 promoter sequence (Supplemental Table S2 ) using the MEGAscript T7 and T3 kit (Ambion) following the manufacturer's instructions. The riboprobes were purified using the NucleoSpin RNA II kit (Macherey-Nagel), and the efficiency of the probes was determined by dot blot method using Hybond N þ (Amersham Biosciences). The isolated gonads and ex vivo samples were fixed in 4% paraformaldehyde in PBS (pH 7.4; Sigma) for 2 h at room temperature and washed with PBS. The samples were frozen in tissue freezing media (Leica Biosystems), and 10-lm sections were cut with a cryotome (Leica Biosystems). The sections were fixed in 4% paraformaldehyde in PBS containing 0.1% Tween (Sigma) for 10 min and washed twice with PBS followed by a 10-lg/ml proteinenase K (Sigma) treatment for 10 min at room temperature. Sections were refixed in 4% paraformaldehyde for 5 min and washed with PBS. Hybridization for antisense and sense probes were performed in hybridization buffer (50 % and for 5 min in washing buffer (150 mM NaCl, 50 mM Tris-HCL, pH 7.5) at room temperature. Slides were incubated for 2 h at room temperature with blocking solution (Roche) followed by overnight incubation at 48C with antidigoxigenin antibody (Roche) at a 1:5000 dilution in blocking solution. Slides were washed in washing buffer and equilibrated in developing buffer (100 mM NaCl, 100 mM Tris-HCL, 50 mM MgCl 2 , pH 9.5) followed by PRADHAN AND OLSSON incubation with NBT/BCIP substrate (Roche). The image was observed under a BX51 microscope (Olympus).
Statistical Analysis
Statistical significance between the control (C) and exposed groups was determined using a two-tailed nonpaired Student t-test for two-group comparison and one-way ANOVA followed by the Dunnett posttest for multiple-group comparisons, and differences were considered significant if the P-values were ,0.05 (*P , 0.05, **P , 0.01, ***P , 0.001). Statistical analyses were performed using the GraphPad Prism 5 software (GraphPad Software).
RESULTS
Prostaglandin Synthases, Prostanoids, and Their Receptors Are Differentially Expressed in Zebrafish Gonads
The transcripts of ptgs1, ptgs2a, ptgs2b, ptgds, and ptges were analyzed in 42-and 90-dpf gonads, whereas the prostanoid receptors were analyzed in 90-dpf gonads. The juveniles at 42 dpf were sorted, where non-EGFP-expressing gonads were male and high-EGFP-expressing gonads were female (Supplemental Figure S1A) , and gonads were isolated and further grouped as male and female based on expression of female-specific zona pellucida 2 (zp2) and male-specific dmrt1a gene (Supplemental Figure S1B ). According to our previous study, high expression of zp2 in the juveniles correlates with female-biased sex ratios [18] . Zebrafish has one ptgs1 gene that codes for Cox1 and two ptgs2 genes that code for Cox2A and Cox2B. The ptgs1, ptgs2a, and ptgs2b expression was higher in testes than ovaries at both stages ( Fig.  1 ). The ptgds expression pattern for 42-dpf gonads showed no difference between testes and ovaries ( Fig. 1D ), while it was high in 90-dpf testes (Fig. 1I ). The ptges expression was high for both 42-and 90-dpf ovaries (Fig. 1, E and J) . The in situ data confirmed that expression of ptgds is higher in testes than ovaries, while expression of ptges is higher in ovaries than testes (Fig. 1K) . The PGE 2 receptors ptger1, ptger2a, ptger3, and ptger4 were high in 90-dpf testes (Fig. 2, A-D) whereas the PGD 2 receptor reep5 was high in ovaries (Fig. 2E) . ELISA performed on 90-dpf testes and ovaries showed that both PGE 2 and PGD 2 levels were higher in testes than ovaries (Fig. 2, F and G). Analysis of different tissues demonstrated that ptgs1, ptgs2a, ptgs2b, ptgds, and ptges were expressed in all tested organs (Supplemental Figure S2) .
Meloxicam Treatment Leads to Male-Biased Sex Ratios
Meloxicam is a nonsteroidal anti-inflammatory drug with analgesic and antipyretic effects. It is a selective inhibitor of COX-2 enzyme and consequently down-regulates PGE 2 [43] . It is also known to induce apoptosis [44] and control tumor growth [43] . The qRT-PCR analysis was performed on ZFL cells following treatment with meloxicam for 48 h. Apoptotic genes, including p53, p21, smac, casp8, and bax, were upregulated in a dose-dependent manner (Fig. 3, A-E) , whereas the antiapoptotic gene xiap was down-regulated (Fig. 3F) . The p65, ptgs2a, bcl2, and casp3a expression was not altered (Supplemental Figure S3) . Apoptosis induction by meloxicam was further confirmed by TUNEL assay in both ZFL cells (Fig.  3G ) and in juvenile zebrafish (Fig. 3H) .
Treatment of ovary explants from 90-dpf zebrafish with meloxicam for 24 h followed by ELISA analysis showed significant down-regulation of PGE 2 levels (Fig. 4A) , while the PGD 2 levels were not affected (Fig. 4B) . The same response was observed in gonads from 90-dpf zebrafish following 6 days of exposure with meloxicam (Fig. 4, C and D) . To further determine the effect of meloxicam, 20-dpf zebrafish were exposed to meloxicam for 6 days followed by qRT-PCR analysis. The qRT-PCR analysis showed that the male-specific sox9a and dmrt1a genes were up-regulated (Fig. 5, A and B) , while the female-specific zp2, cyp19a1a (codes for aromatase that is involved in biosynthesis of estrogen), and vitellogenin 2 (vtg2; Vtgs are lipoproteins synthesized in the liver and transported to oocyte to form the major component of egg yolk protein) genes were down-regulated (Fig. 5 , C-E and Table 1 ). Other genes, including sox9b, ptgds, ptges, ctnnb1, mmp9, p65, p50, ptgs2a, and ptgs2b, were not altered (Supplemental Figure  S4) . Interestingly, we observed that exposure to a high dose of meloxicam (30 lM) significantly down-regulated sox9a, sox9b, ptgds, and p21 expression in juvenile zebrafish, while the p65, ptgs2a, amh, ptges, zp2, vtg2, cyp19a1a, ctnnb1, and xiap expression remained unaltered (Supplemental Figure S5) . The sex ratio analysis at 70 dpf showed a significant decrease in females following exposure to 1 and 5 lM meloxicam (Fig.  5F ), supporting the qRT-PCR data. However, exposure with a higher dose of meloxicam (30 lM) did not alter the sex ratio (Supplemental Figure S5M ). This suggests dose-dependent effects of meloxicam on genes involved in sex differentiation.
PGD 2 Regulates the Male Developmental Pathway
In mammals, PGD 2 is known to up-regulate SOX9 and consequently results in up-regulation of Ptgds [30] . In order to determine if a similar feedback loop exists in zebrafish, BW-245C, which is an analogue of PGD 2 with a better efficacy profile [45] , was used. The qRT-PCR analysis was performed on testis explants following 24 and 48 h of exposure to BW-245C. The sox9a expression was up-regulated after 24 and 48 h of incubation (Fig. 6, A and D) , while amh expression was upregulated only after 48 h (Fig. 6E) . The sox9a expression was also up-regulated in juvenile zebrafish following exposure to BW-245C after 1 day of exposure (Supplemental Figure S6 ) and 2 days of exposure (Supplemental Figure S7) . The ptgds expression remained unaltered in testis explants following BW-245C exposure (Fig. 6, C and F) , and in juvenile zebrafish, amh and ptgds expression was not altered (Supplemental Figures S6 and S7 ). The sox9b, dmrt1a, ptges, cyp19a1a, p65, p50, ptgs2a, ptgs2b, ctnnb1, and mmp9 (b-catenin target gene) [46] expression was not altered in either testis explants or juvenile zebrafish (Table 1 ; Supplemental Figures S7 and S8) . In situ hybridization with testis explants also show upregulation of sox9a following exposure with BW-245C (Fig.  6G) . Western blot analysis showed up-regulation of Sox9a as well as the phosphorylated form of Sox9a (Fig. 6H ) after 48 h of incubation with BW-245C. However, the b-catenin levels were not altered (Supplemental Figure S8L) . The sex ratio at 70 dpf following exposure to BW-245C resulted in malebiased sex ratios (Fig. 6I) .
The b-Catenin Signaling Pathway and PGE 2 Are Involved in the Female Developmental Pathway WNT4 is known to up-regulate b-catenin, which is a negative regulator of SOX9, and as a consequence shifts the balance toward the female developmental pathway [33, 47] . The qRT-PCR analysis of 42-dpf gonadal samples showed differential expression of genes involved in the Wnt/b-catenin signaling pathway. The rspo1 and ctnnb1 expression (Fig. 7,  A , B, E, and F) was higher in both 42-and 90-dpf ovaries than in testes. RSPO1 is a secreted protein and acts as an activator of Wnt/b-catenin signaling [35] . Glycogen synthase kinase 3 beta (gsk3b), a negative regulator of b-catenin, was high in both 42-PROSTAGLANDINS REGULATE ZEBRAFISH SEX DIFFERENTIATION FIG. 1. Prostaglandin synthase expression in zebrafish gonads. Zebrafish at 42 and 90 dpf were dissected and gonads were isolated followed by qPCR analysis of ptgs1 (A and F) and ptgs2a (B and G), ptgs2b (C and H), ptgds (D and I), and ptges (E and J). Student t-test was performed to determine statistical significant differences (***P , 0.001). Testes and ovaries from 90-dpf zebrafish were isolated, and in situ hybridization was performed for ptgds and ptges (K). Bar ¼ 50 lm.
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and 90-dpf testes (Fig. 7, C and G) . Surprisingly, the winglesstype MMTV integration site family, member 4a (wnt4a), expression was higher in testes (Fig. 7, D and H) . PGE 2 is known to activate b-catenin and NFjB in mammals [19, 36] . In order to determine if this is also the case in zebrafish, ovaries from adult zebrafish were isolated and exposed to PGE 2 (10 and 100 nM) for 12 h followed by qRT-PCR analysis. NFjB (p65 and p50), ptgs2a, ptgs2b, ctnnb1, mmp9, and vtg2 were up-regulated (Fig. 8 , A-G and Table 1 ). The male-specific sox9a and sox9b genes were downregulated, while the female-specific gene, growth differentiation factor 9 (gdf9) was up-regulated (Supplemental Figure  S9) . GDF9 is an oocyte-secreted protein that has been shown to up-regulate Cox2, PGE 2 , and progesterone in mouse granulosa cells [48] . Other genes, such as cyp19a1b, rspo1, foxl2, ptgds, ptges, dmrt1a, and zp2, were not altered (Supplemental Figure  S9) . The sox9a and sox9b expression was also down-regulated in juvenile zebrafish following exposure to low (Supplemental Figure S10 ) as well as high doses of PGE 2 (Supplemental Figure S11 ). The dmrt1a, another male-specific gene, was down-regulated, whereas the female-specific genes ctnnb1, cyp19a1a, and ptges were up-regulated after 10 days of exposure to PGE 2 (Supplemental Figure S12) .
NFjB subunit (p65 and p50) up-regulation was also evident in juvenile zebrafish following PGE 2 exposure (Supplemental Figure S13) . In situ hybridization showed up-regulation of ctnnb1 expression in ovary explant on exposure to PGE 2 (Fig.  8I) . The b-catenin levels were analyzed at the protein level and revealed an up-regulation following 24-h exposures to 100 nM PGE 2 (Fig. 8J) . The protein levels of Cyp19a1a were also up-FIG. 2. Prostanoid and prostanoid receptors are differentially expressed in the gonads. Zebrafish at 90 dpf were dissected, and gonads were isolated followed by qPCR analysis of ptger1 (A), ptger2a (B), ptger3 (C), ptger4 (D), and reep5 (E). Testes and ovaries from adult zebrafish were isolated followed by PGE 2 (F) and PGD 2 (G) analysis by ELISA. Student t-test was performed to determine statistical significant differences (**P , 0.01; ***P , 0.001); n ¼ 7.
PROSTAGLANDINS REGULATE ZEBRAFISH SEX DIFFERENTIATION regulated by PGE 2 (Fig. 8J) . While the transcript level of cyp19a1a was not significantly altered in ovary explants (Fig.  8H) , the transcript of cyp19a1a was significantly up-regulated in juvenile zebrafish after 7 days (Supplemental Figure S11C ) and 10 days (Supplemental Figure S12G ) of exposure to PGE 2 . The transcript levels of cyp19a1b in ovary explants (Supplemental Figure S9C ) as well as in juveniles (Supplemental Figures S11D and S12H) were not altered. Long-term exposure of juvenile zebrafish (15-40 dpf) to PGE 2 resulted in femalebiased sex ratios (Fig. 8K) .
To further confirm the involvement of b-catenin in the female developmental pathway, the b-catenin inhibitor PNU-74654 [49] was used. The qRT-PCR analysis of juvenile zebrafish showed down-regulation of the b-catenin target gene mmp9 (Fig. 9A) as well as the female-specific zp2 and cyp19a1a genes (Fig. 9, B and C) , whereas the male-specific ptgds gene was up-regulated (Fig. 9D ). Other genes, including ctnnb1, ptges, vtg2, rspo1, wnt4a, foxl2, sox9a&b, amh, dmrt1a, p65, p50, ptgs2a, and ptgs2b, were not altered (Supplemental Figure S14) . The expression of mmp9 was also down-regulated in ovary explants (Supplemental Figure S15B) . Six days of exposure of juvenile zebrafish did not show alteration in various genes (Supplemental Figure S16 ). Western blot analysis shows that PNU-74654 down-regulated the bcatenin levels (Fig. 9E) . The sex ratio analysis showed that PNU-74654 decreased the female percentage (Fig. 9F) , possibly by blocking the b-catenin signaling pathway.
DISCUSSION
During sex differentiation, the zebrafish gonad passes through a juvenile ovary stage [15] . Depending on multigenetic signaling cues and possibly environmental factors, it either redirects to the testis pathway or maintains the ovarian pathway [50] . Induction of survival signals during the juvenile ovary stage aids in maintaining ovarian development, whereas apoptotic signals lead to testis development [17] . In a previous study, we showed that NFjB and ptgs2a up-regulation leads to ovarian development [18] . As prostaglandin and prostaglandin synthases have been linked to mammalian gonadal differentiation [28] [29] [30] [31] 41] , we further analyzed the role of prostaglandin synthases and prostaglandins in zebrafish sex differentiation.
Inhibition of Ptgs2 by meloxicam led to male-biased populations. Meloxicam is a specific inhibitor of PTGS2, known to inhibit PGE 2 synthesis, suppress proliferation, and induce apoptosis in human carcinoma cells [44, 51] . In mammals, PGE 2 has been linked with ovarian differentiation [29] , whereas PGD 2 is needed to maintain testis development [30] . Induction of apoptosis in ZFL cells and juvenile zebrafish as well as inhibition of PGE 2 synthesis in zebrafish gonads by meloxicam correlated with increased male-biased sex ratios. The in vivo and ex vivo studies furthermore showed that meloxicam significantly reduced the PGE 2 levels, while the PGD 2 levels were not altered. This finding was surprising, as both the prostanoids are synthesized from a common substrate,
Meloxicam treatment alters apoptotic and antiapoptotic genes in vitro. ZFL cells were exposed to meloxicam (1 and 5 lM) for 48 h, and qPCR was performed to determine transcript level of p53 (A), p21 (B), smac (C), casp8 (D), bax (E), and xiap (F). One-way ANOVA was performed to determine statistical significant differences between the control and treatment groups (*P , 0.05; **P , 0.01; ***P , 0.001). Error bars represent mean 6 SD. n ¼ 4. ZFL cells were exposed to meloxicam (1 and 5 lM) for 48 h followed by TUNEL assay to determine apoptotic cells, and image was captured using a confocal microscope with 340 magnification (G). n ¼ 4. Zebrafish juveniles at 15 dpf (wild type) were exposed to meloxicam (5 lM) for 72 h followed by TUNEL assay. The apoptotic cells (green) are indicated by arrows; vas::transgenic fish was used as a control to extrapolate gonadal region in wild-type fish, and image was captured using a confocal microscope with 310 magnification (H); n ¼ 10.
PRADHAN AND OLSSON PGH 2 . Similar effects were observed in a study where two COX inhibitors, NS-398 and SC-560, blocked PGE 2 synthesis while PGD 2 synthesis was not altered [52] . This suggests that meloxicam, apart from inhibiting PGH 2 synthesis, could also have downstream effects on PGE 2 synthesis.
The significance of higher expression of ptgs1, ptgs2a, and ptgs2b in the zebrafish testes is not obvious. Unlike another study [24] where ptgs1 expression was reported to be high in zebrafish ovaries and where there was no expression of ptgs1 or ptgs2 in the brain, we observed higher ptgs1 in the testes than the ovaries and moderate expression of both ptgs1 and ptgs2 (ptgs2a &b) in adult male and female brains (Supplemental Figure S2 ). The high levels of PGE 2 and PGD 2 in testes could be due to the high expression of ptgs2a and ptgs2b that catalyzes the rate-limiting step in the prostanoid synthesis pathway. The higher expression of ptgs2a and PGE 2 in testes than in ovaries suggests that the female differentiation pathway is more vulnerable to meloxicam exposure. This became evident when gonads from zebrafish were analyzed following meloxicam exposure for 6 days. Meloxicam inhibited PGE 2 synthesis in testes as well as in ovaries but did not alter the PGD 2 levels significantly.
Differential expression patterns of PGD 2 , PGE 2 , and their receptors in the 90-dpf gonads cannot be directly correlated with their importance in sex differentiation. The high expression of ptger receptors in testes was surprising, as one would expect low receptor levels when there is abundance of ligand, but at the same time it could also be argued that localization of receptors can be cell type specific or alter depending on different physiological activities. Previous studies on zebrafish have shown that the ptgs1 and ptgs2 as well as prostanoids levels vary during ovulatory and nonovulatory stages where the expression of ptgs2 in the follicle was 3-fold higher than in ovarian tissue and the expression peaked during the ovulatory stage [40] . The EP receptors (EP2 and EP4) are localized in the mouse ovarian germ cells [29] , whereas EP2, EP3, and EP4 receptors are expressed in cumulus granulosa cells but not in the oocytes [39] . PGE 2 -activated EP2 and EP4 receptors lead to oocyte maturation by activating cAMP-dependent protein kinase, MAPK, NFjB, and phosphatidylinositol 3-kinase/Akt pathways [39] . This suggests that ptgs, prostanoids, and their receptors are cell type specific and regulated by specific physiological activities. Analysis of the receptors at the protein level and their distribution among cell types in testes and ovaries is needed to improve our understanding of the regulation of prostanoids and their receptors.
FIG. 4.
Meloxicam treatment inhibits PGE 2 synthesis but not PGD 2 ex vivo and in vivo. Ovaries from 90-dpf zebrafish were exposed to meloxicam (1 and 5 lM) for 24 h followed by PGE 2 (A) and PGD 2 (B) analysis by ELISA. Zebrafish (90 dpf) were exposed to meloxicam (5 lM) for 6 days, and gonads were isolated followed by PGE 2 (C) and PGD 2 (D) analysis by ELISA. One-way ANOVA was performed to determine statistical significant differences (*P , 0.05; **P , 0.01; ***P , 0.001). Error bars represent mean 6 SD; n ¼ 6.
PROSTAGLANDINS REGULATE ZEBRAFISH SEX DIFFERENTIATION
Lipocalin-type PTGDS (L-PTGDS) and hematopoietic PTGDS (H-PTGDS) enzymes carry out PGD 2 synthesis. In zebrafish, the H-ptgds has not been reported. Like mammals [53] , the ptgds expression in the 90-dpf zebrafish gonads was dimorphic with higher expression in the testes. In another study, the ptgds expression was also found to be dimorphic in adult zebrafish gonads, but ptgds expression between 2 and 20 days posthatching (dph) in juvenile zebrafish was not dimorphic, suggesting that up-regulation of sox9a in preSertoli cells takes place after 20 dph [54] . Apart from PGH 2 -to-
Meloxicam exposure leads to male biasness. Zebrafish juveniles were exposed to meloxicam (5 lM) for 6 days (20-26 dpf) followed by qPCR analysis to determine sox9a (A), dmrt1a (B), zp2 (C), cyp19a1a (D), and vtg2 (E) expression. Student t-test was performed to check statistical significance (*P , 0.05; **P , 0.01); n ¼ 16. Zebrafish juveniles were exposed to meloxicam for 25 days (15-40 dpf), and the sex ratio was determined at 70 dpf by microscopic observation of the dissected gonads (F). One-way ANOVA was performed to determine statistical significant difference between the control and the treatment groups (*P , 0.05; ***P , 0.001). Error bars represent mean 6 SD of three independent experiments; n ¼ 60 per experiment. PGD 2 isomerization activity, PTGDS is also known to function as a carrier protein for lipophilic molecules [53] . Enzymatic activity of zebrafish ptgds has not been reported. Amino acid sequence analysis showed that the zebrafish ptgds lack the Cys residue at position 59, which is considered important for enzymatic activity [53] . Interestingly, in vitro enzymatic activity could not be achieved by substitution of Gly with Cys at position 59, but weak activity was detected with chimeric protein, containing N-terminal of mouse ptgds with catalytic domain fused to C-terminal of zebrafish ptgds. It was suggested that not only Cys 59 but also other amino acids are necessary for the catalytic activity [53] . In contrast, our experimental data show that zebrafish not only respond to PGD 2 in a manner similar to mammals but also produce detectable amounts of PGD 2 along with PGE 2 . Exposure of juvenile zebrafish and testis explants to BW-245C up-regulated . BW-245C up-regulates sox9a and amh ex vivo and leads to male bias. Testes were isolated from 90-dpf zebrafish and exposed to 5 nM of BW-245C for 24 and 48 h. The qPCR analyses were performed to determine sox9a (A and D), amh (B and E), and ptgds (C and F) transcript level. Student t-test was performed to determine statistical significance (*P , 0.05; **P , 0.01); n ¼ 6. Testes explants were exposed to BW-245C for 48 h, and in situ hybridization was performed for sox9a (G). Bar ¼ 50 lm. Western blot analysis was performed after 48 h of incubation for Sox9a and phosphorylated form of Sox9a (H). Zebrafish juveniles were exposed to BW-245C for 25 days (15-40 dpf), and the sex ratio was determined at 70 dpf (I). Student t-test was performed to determine statistical significance (**P , 0.01). Error bars represent mean 6 SD of four independent experiments; n ¼ 60 per experiment.
sox9a and amh expression. Long-term exposure showed a 20% increase in male to female sex ratios, suggesting that PGD 2 is involved in testis development via the sox9a signaling pathway. In mammals, PGD 2 , SOX9, and PTGDS form a positive feedback loop to maintain testis development. PGD 2 increases SOX9 transcription, and, consequently, SOX9 up-regulates Ptgds by binding to its promoter, which in turn further increases PGD 2 levels [30] . However, the Ptgds expression pattern is not conserved across vertebrates [53] , and therefore the PGD 2 , SOX9, and PTGDS feedback loop may not be universal or may occur during a short window of gonadal differentiation, which could be difficult to capture. This loop was not evident in zebrafish but at the same time cannot be ruled out completely. The down-regulation of sox9a and ptgds by meloxicam suggests that Sox9, Ptgds, and PGD 2 are interlinked. Further analysis is clearly needed to understand the presence of a similar loop in zebrafish.
Another prostanoid, PGE 2 , was also analyzed and found to support the female developmental pathway. PGE 2 is known to activate NFjB [19] , the WNT/b-catenin pathway [36, 55] , and aromatase [41] and is also involved in the regulation of germ cells during ovarian development [29] . This supports the female-biased sex ratio observed following PGE 2 treatment. PGE 2 activated b-catenin as well as Cyp19a1a expression. bcatenin's role in ovarian differentiation in mammals is well documented [33] [34] [35] , and recently, using a heat-inducible zebrafish line, it has been shown that down-regulation of wnt/ b-catenin signaling leads to an increase in male offspring [8] . This suggests that b-catenin has a conserved role in ovarian differentiation. Analysis of the gene involved in the Wnt/bcatenin pathway showed that ctnnb1 and rspo1 were higher in ovaries but that wnt4a expression was higher in testes. Rspondin 1 (RSPO1) is known to be involved in female development pathway by activating the wnt/b-catenin pathway [56] . In humans, RSPO1 expression is higher in the ovaries, while CTNNB1 and WNT4 are not differentially expressed in the gonads [57] , whereas in mice, Rspo1 and Wnt4 expression is higher in ovaries and testes, respectively [58] . Expression profiling of other Wnt signaling genes in rainbow trout shows either testis or ovary dominance, depending on the gonadal differentiation stage [59] . This suggests that the Wnt signaling pathway in gonadal differentiation of mammals as well as teleost is complex.
To further confirm the role of b-catenin in the female differentiation pathway, we used a b-catenin inhibitor, PNU-74654, and observed down-regulation of female-specific genes and that long-term exposure resulted in increased proportions of males. Interestingly, PNU-74654 exposure to ovary explants only showed down-regulation of mmp9, but other sex-related markers were not altered. A possible explanation is that PNU-74654 may not be a strong inhibitor of b-catenin and needs prolonged exposure to affect genes. This is evident with in vivo experiments where 10 days of exposure altered gene expression, whereas 6 days of exposure did not result in any significant change (Supplemental Figure S16) .
b-catenin is known to inhibit SOX9 activation and as a consequence drive the ovarian signaling pathway [33] . At the same time, SRY is known to repress RSPO1/WNT/b-catenin signaling to favor testis development [60] . In this study, FIG. 7 . Genes involved in the Wnt signaling pathway are differentially expressed in the gonads. Zebrafish juveniles at 42 and 90 dpf were dissected, and gonads were isolated followed by qPCR analysis of rspo1 (A and E), ctnnb1 (B and F), gsk3b (C and G), and wnt4a (D and H). Student t-test was performed to determine statistically significant differences (**P , 0.01; ***P , 0.001).
exposure to PGE 2 showed up-regulation of b-catenin and consequently resulted in down-regulation of both sox9a and sox9b genes. However up-regulation of Sox9a by BW-245C did not alter b-catenin expression. In mammals, the possible mechanism of b-catenin signaling inhibition by Sry is supposed to be on binding and recruitment of a silencing complex to b-catenin [60] . Sox9 is also known to bind bcatenin, leading to enhanced b-catenin phosphorylation by GSK3 and subsequent degradation to maintain chondrogenesis [61] . It would therefore be interesting to know the mechanism by which Sox9 and b-catenin counterbalance each other during zebrafish gonadal differentiation.
In this study, the sex ratio alterations following different treatments were low (;10-20%). This could be an effect of the proposed polygenic sex differentiation in zebrafish, where multiple genes control the gonad development [54] . A similar effect was observed with heat-inducible transgenic Tg(dkk) zebrafish, where expression of Dkk1b, a Wnt inhibitor, resulted in a 15-36% increase in male proportion [8] . Therefore, a complete or high degree of feminization or masculinization by downstream effectors like PGD 2 and PGE 2 should be difficult to achieve. However, as shown in the present study, the prostaglandins contribute to the process of zebrafish sex differentiation.
FIG. 8. PGE 2 up-regulates b-catenin ex vivo and leads to female bias. Ovaries were extracted from 90-dpf zebrafish and exposed to PGE 2 (10 and 100 nM) for 12 h followed by qRT-PCR analysis of p65 (A), p50 (B), ptgs2a (C), ptgs2b (D), ctnnb1 (E), mmp9 (F), vtg2 (G), and cyp19a1a (H) transcript level. One-way ANOVA was performed to determine statistical significance (*P , 0.05; **P , 0.01; ***P , 0.001); n ¼ 8. Ovaries were exposed to PGE 2 (100 nM) for 24 h followed by in situ hybridization for ctnnb1 (I) and Western blot analysis of b-catenin and Cyp19a1a (J). Zebrafish juveniles were exposed to PGE 2 (20 nM) from 15 to 40 dpf, and sex ratio was determined at 70 dpf (K). Student t-test was performed to determine statistical significance (**P , 0.01). Error bars represent mean 6 SD of four independent experiments; n ¼ 60 per experiment.
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Our previous study showed that induction of inflammation by heat-killed bacteria resulted in inhibition of apoptosis and female developmental, whereas inhibition of NFjB by NAI led to apoptosis and increased male sex ratios [18] . Apart from NFjB up-regulation by heat-killed bacteria, ptgs2a was also up-regulated [18] . The main findings of the present study are outlined in Figure 10 and Table 1 . Inhibition of Cox-2/Ptgs2 by meloxicam led to male-biased populations and correlated to an induction of apoptosis and blocked PGE 2 synthesis. PGE 2 treatment resulted in up-regulation of NFjB and b-catenin and consequently led to female-biased populations. Furthermore, PGE 2 inhibits sox9 expression, while exposure to PNU-74654 (b-catenin inhibitor) resulted in up-regulation of ptgds. This suggests that maintenance of the PGE 2 pathway also blocks the PGD 2 and sox9 functions. The prostaglandin PGD 2 can induce a shift from the juvenile ovary to the testis development pathway by activating Sox9a. In addition, the qRT-PCR analysis showed that ptges becomes ovary specific early on in comparison to ptgds, which becomes testis specific at the later stage of testis development. This suggests that ptges and PGE 2 are involved in the critical stages during the initiation as well as in the maintenance of zebrafish ovarian development. Therefore, the initiation of testis development requires the inhibition of Ptges and PGE 2 during the juvenile ovary stage. The present study links prostaglandin synthase and prostaglandins to zebrafish sex differentiation. However, while the role of Ptgds in zebrafish gonadal differentiation remains unclear, PGE 2 can maintain the juvenile ovary and trigger ovarian development by activating the Wnt/b-catenin signaling pathways. The present data show that PGD 2 and PGE 2 act as upstream regulators of the Sox9a and b-catenin, respectively, and demonstrate that prostaglandins are involved in the signaling pathway of zebrafish gonad differentiation. FIG. 9 . PNU-74654 inhibits b-catenin and leads to male bias. Zebrafish juveniles at 15 dpf were exposed to 1 lM PNU-74654 for 10 days followed by qRT-PCR analysis of mmp9 (A), zp2 (B), cyp19a1a (C), and ptgds (D). Student t-test was performed to determine statistical significance (**P , 0.01). Zebrafish juveniles at 15 dpf were exposed to 1 lM PNU-74654 for 3 days followed by Western blot analysis of b-catenin (E). Zebrafish juveniles were exposed to PNU-74654 (1 lM) from 15 to 40 dpf, and sex ratio was determined at 70 dpf (F). Student t-test was performed to determine statistical significance (**P , 0.01). Error bars represent mean 6 SD of four independent experiments; n ¼ 60 per experiment.
FIG. 10. Prostaglandin regulation and zebrafish sex differentiation.
Regulation of the prostaglandin pathway is linked to the zebrafish sex differentiation process. NFjB activation inhibitor (NAI) blocks NFjB, resulting in activation of the male differentiation pathway in zebrafish [18] . NFjB activates COX-2, and its inhibition by meloxicam leads to a male-biased sex ratio. Arachidonic acid released by phospholipase is used by COX-2 to synthesize PGH 2 , which is then converted to PGD 2 and PGE 2 by PTGDS and PTGES, respectively. The PGD 2 analog BW-254C activates SOX9a and results in a male-biased sex ratio, whereas PGE 2 activates NFjB and b-catenin to promote ovarian development. The inhibition of bcatenin by PNU-74654 results in a male-biased sex ratio.
